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Abstract 


Ballistic  impact  behavior  of  coextruded  polycarbonate  (PC)/polymethyl  methacrylate 
(PMMA)  composites  consisting  of  256, 1024, 2048,  and  4096  layers  with  various  composition 
has  been  evaluated.  The  individual  layer  thickness  of  PMMA  was  determined  to  be  critical  for 
the  impact  response  of  these  multilayers.  A  brittle/ductile  transition  occurred  as  evidenced  by 
a  significant  increase  in  the  damage  zone  size  when  the  PMMA  layer  thickness  was  reduced  to 
approximately  0.3  to  0.4  pm;  a  mixed  mode  of  failure  resulted  in  these  composites.  Such 
improvement  in  ballistic  performance  can  be  achieved  through  either  an  increase  in  the  total 
number  of  layers  or  a  reduction  in  the  PMMA  content.  With  the  PMMA  layer  thickness  further 
reduced  to  approximately  0.15  pm,  ductile  deformation,  which  was  predominant  in  the  PC 
control,  occurred  in  the  PC/PMMA  multilayers,  and  the  resulted  damage  zone  was  limited  to  the 
immediate  vicinity  of  impact  A  brittle  mode  of  failure,  however,  was  encountered  in  all  the 
PC/PMMA  composites  as  the  thickness  of  PMMA  layers  reached  0.5  pm  or  higher,  regardless 
of  their  composition  and  layer  configuration.  Results  of  the  ballistic  impact  energy 
measurements  also  revealed  that  the  PMMA  layer  thickness  was  the  critical  parameter,  and  the 
determined  impact  energy  values  were  consistently  higher  for  the  multilayers  with  PMMA  layer 
thickness  being  0.15  pm  or  thinner.  In  addition,  microcracking  in  PMMA  appeared  to  be  the 
dominant  mode  of  failure.  Stress  concentration  associated  with  these  microcracks  in  PMMA 
appeared  to  be  insignificant  to  promote  crack  propagation  across  the  ductile  PC  layers  when  the 
layer  thickness  of  PMMA  is  below  its  critical  value. 
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1.  Introduction 


The  Army  has  a  continuous  interest  in  emerging  polymeric  materials  for  current 
transparent  lightweight  armor  and  future  Army  After  Next  materiel  systems.  Polycarbonate  (PC) 
and  polymethyl  methacrylate  (PMMA)  are  currently  used  in  many  applications  including 
windshields,  canopies,  vision  blocks,  face  shields,  goggles,  and  lenses.  PMMA  has  excellent 
optical  clarity  and  high  yield  strength,  but  it  is  brittle  upon  impact.  PC,  on  the  other  hand,  has 
outstanding  ballistic  impact  strength;  however,  it  has  poor  chemical  resistance  and  can  scratch 
easily.  Hard  coatings  are  needed  for  most  commercial  PC’s;  however,  a  hard  coating  capable  of 
providing  resistance  to  chemical  attack  or  abrasion  hazard  may  in  some  cases  cause  an  adverse 
effect  on  the  impact  performance  of  the  coated  PC.  Our  earlier  studies  on  PC  coated  with 
diamond-like  carbon  (DLC)  have  elucidated  that  a  good  hard  coating  system  should  have  an 
optimized  coating  thickness  and  optimized  micromechanical  properties. 

The  unique  material  characteristics  of  DLC  coatings  generally  with  thickness  in  either 
micrometers  or  submicrometers  provide  a  motivation  for  the  design  and  development  of 
polymeric  multilayers  with  individual  layer  thickness  on  the  order  of  micrometer-  or 
submicrometer-scale  level.  This  has  been  accomplished  by  using  an  innovative  coextrusion 
multiplying  technique  available  at  Case  Western  Reserve  University  for  the  development  of 
model  multilayered  composites  by  incorporating  PMMA  into  PC  to  achieve  better  durability. 
The  technical  challenges  reside  upon  the  compatibility  between  the  ductile  PC  and  brittle  PMMA 
as  well  as  upon  the  ability  to  enhance  the  overall  barrier  properties  without  the  expense  of  impact 
strength  of  PC.  Our  first  hypothesis  is  that  the  scale  of  flaws  or  damage  and  the  stress  intensity 
associated  with  these  defects  will  be  small  when  the  layer  thickness  is  significantly  reduced. 
Secondly,  propagation  of  cracks  once  initiated  in  the  brittle  PMMA  phase  will  be  suppressed 
when  these  cracks  encounter  the  ductile  PC  layers. 

This  work  examines  the  ballistic  performance  of  coextruded  PC/PMMA  multilayered 

composites  that  consist  of  different  numbers  of  layers  and  various  component  compositions.  The 

role  of  individual  layer  thickness  upon  the  overall  ballistic  strength  will  be  determined.  In 
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addition,  an  attempt  of  this  study  is  to  provide  a  better  understanding  of  failure  mechanisms 
encountered  in  these  multilayers  during  the  impact;  therefore,  better  design  of  coextruded 
composites  with  alternate  ductile  and  brittle  layers  can  be  accomplished. 

2.  Experimental 


PC/PMMA  multilayers  were  fabricated  using  an  unique  coextrusion  multiplying  process 
available  at  Case  Western  Reserve  University.  During  the  microlayer  coextrusion,  PC  and 
PMMA  melts  were  fed  from  two  separate  single  screw  extruders  through  a  coextrusion  block  as 
parallel  layers,  followed  by  a  series  of  die  elements.  Each  die  element  doubles  the  number  of 
layers  as  shown  in  Figure  1  [1];  it  first  splits  the  viscoelastic  melts  vertically  (stage  B),  then 
compresses  and  spreads  each  half  horizontally  (stage  C),  and  finally  recombines  them  (stage  D). 
Therefore,  a  coextruded  multilayer  consisting  of  alternating  PC  and  PMMA  with  2  (n  +  layers 
can  be  fabricated  using  a  set  of  n  die  elements.  The  feed  ratios  and  total  number  of  layers  were 
varied  in  order  to  produce  coextruded  composites  with  desired  individual  layer  thicknesses.  In 
this  study,  two  sets  of  PC/PMMA  composites  were  prepared.  The  first  group  included 
multilayers  with  the  number  of  layers  being  256,  1024,  and  2048  and  with  the  amount  of  PMMA 
varying  from  20  to  80  volume-percent.  The  second  set  of  PC/PMMA  multilayers  was  designed 
with  higher  PC  content  such  as  80,  90,  and  95  volume-percent  and  with  the  number  of  layers 
being  2048  and  4096. 

Ballistic  impact  measurements  were  carried  out  using  a  helium  gas  gun  apparatus.  A 

mutilayered  PC/PMMA  test  specimen  of  approximately  4  in  by  4  in  was  mounted  between  two 

aluminum  plates  with  a  2-in-diameter  opening,  and  the  plates  were  firmly  tightened.  The  sample 

holder  was  then  placed  and  clamped  in  the  center  of  the  ballistic  impact  test  apparatus,  and  the 

PC/PMMA  multilayer  was  subjected  to  the  impact  of  a  fragment-simulating  projectile  of  1.1 -g 

(17  grain)  weight  and  0.22-in  diameter.  Four  light  screens  were  used  as  triggers  for  timers  to 

record  the  time-of-flight  of  the  projectile  to  determine  the  velocity  of  the  projectile  before  and 

after  impact  [2].  The  range  of  impact  velocity  was  between  120  and  160  m/s.  The  ballistic 

impact  energy,  which  is  a  measure  of  kinetic  energy  absorbed  or  dissipated  by  the  samples  upon 
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impact,  can  be  calculated  following  equation  (1)  with  an  assumption  that  the  mass  (M)  of  the 
projectile  is  constant  during  its  penetration  into  the  target. 

Ballistic  Impact  Energy  =  1/2  M  (Vs2  -  Vr2),  (1) 

where  Vs  and  Vr  are  the  striking  and  residual  velocities,  respectively. 

Photographs  of  ballistic  impact  test  specimens  were  taken  using  a  Kodak  DCS  420  digital 
camera.  Post-processing  of  photographs  was  done  using  Photoshop  software  to  ensure 
resolution. 


3.  Results  and  Discussion 


3.1  Ballistic  Impact  Behavior 

Figure  2  shows  the  photographs  of  the  PC  control  and  256-layer  PC/PMMA  multilayers 
after  ballistic  impact.  All  the  multilayers  with  35,  50,  65,  and  80  volume-percent  of  PC 
displayed  brittle  failure  as  compared  to  a  ductile  deformation  observed  in  the  PC  control.  A 
circular  pattern  was  clearly  seen  in  the  pure  PC;  however,  it  was  not  observed  in  any  of  the  256- 
layer  composites.  This  ring  characteristic  was  a  result  of  impact  of  the  sample  holder  frame, 
which  had  a  circular  opening  upon  the  test  specimen,  indicating  the  extent  of  stress  wave 
propagation  during  the  impact. 

A  significant  reduction  in  the  ballistic  impact  strength  of  a  256-layer  PC/PMMA 

multilayer  with  only  20  volume-percent  of  PMMA  revealed  that  the  presence  of  a  brittle  PMMA 

phase  strongly  affects  the  ductility  of  PC.  Therefore,  multilayers  with  thinner  layer  thickness 

were  fabricated  through  an  increase  in  the  total  number  of  layers  (i.e.,  1024  and  2048  layers)  to 

examine  the  compatibility  of  a  ductile  PC  with  a  brittle  PMMA.  These  coextruded  PC/PMMA 

multilayers  consisted  of  PMMA  with  20,  35,  50,  65,  and  85  volume-percent.  Figure  3  displays 

the  photographs  of  1024-layer  PC/PMMA  multilayers  after  ballistic  impact;  the  ballistic 
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performance  was  apparently  better  in  the  composite  with  80  volume-percent  of  PC,  where 
deformation  involving  a  larger  area  resulted.  A  brittle  mode  of  failure,  however,  occurred  in  all 
the  other  1024-layer  multilayers  with  less  than  80  volume-percent  of  PC. 

In  the  2048-layer  multilayers  as  shown  in  Figure  4,  a  significantly  improved  ballistic 
impact  resistance  was  clearly  seen  in  the  composite  with  80  volume-percent  of  PC.  In  the  latter, 
a  ring  pattern  was  apparent,  indicating  that  the  extent  of  stress  wave  propagation  was  significant 
and  similar  to  that  as  observed  in  the  PC  control.  The  characteristic  of  ductile  deformation, 
which  only  occurred  in  the  80-volume-percent  PC,  2048-layer  composite,  further  indicated  that 
the  layer  thickness  of  PMMA  is  critical  in  determining  the  impact  performance  of  these 
coextruded  PC/PMMA  multilayers.  This  effect  was  demonstrated  in  Figure  5  for  the  comparison 
of  ballistic  response  of  256-,  1024-,  and  2048-layer  composites  with  the  amount  of  PC  in  all 
three  being  80  volume-percent. 

Table  1  lists  the  average  thickness  of  coextruded  PC/PMMA  multilayers,  in  which  the 
calculated  individual  layer  thickness  of  PC  and  PMMA  is  also  included.  The  overall  sheet 
thickness  of  the  256-  and  1024-layer  composites  (about  1  to  1.3  mm)  was  slightly  thinner  than 
that  of  the  2048-layer  multilayers  (about  1.3  to  1.5  mm).  The  critical  layer  thickness  of  PMMA 
appeared  to  be  about  0.3  pm  for  these  PC/PMMA  multilayers  to  favor  ductile  deformation  upon 
ballistic  impact.  The  role  of  PMMA  layer  thickness  was  further  investigated  using  composites 
with  either  a  further  increase  in  the  total  number  of  layers  such  as  4096-layer  or  an  increase  of 
the  PC  content  up  to  90  and  95  volume-percent.  Figures  6a,  6b,  and  6c  show  the  ballistic  impact 
results  of  the  4096-layer  PC/PMMA  composites;  it  is  obvious  that  a  ductile  deformation  occurred 
in  all  of  these  multilayers  in  which  the  amount  of  PC  was  80,  90,  and  95  volume-percent, 
respectively,  and  the  corresponding  layer  thicknesses  of  PMMA  were  approximately  0.17  pm  or 
thinner.  The  ring  pattern  shown  in  each  of  these  multilayers  clearly  demonstrated  the  extent  of 
stress  wave  propagation  that  indeed  occurred  across  the  whole  test  specimen  during  the  impact. 
Ductile  failure  and  a  ring  pattern  were  also  evident  in  Figures  7a  and  7b  for  the  2048-layer 
PC/PMMA  composites  with  90  and  95  volume-percent  of  PC,  respectively.  The  layer  thickness 
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of  the  corresponding  composite  with  90  volume-percent  of  PC  is  approximately  0.14  pm,  which 
is  about  the  same  as  that  of  the  80-volume-percent  PC,  4096-layer  multilayer. 

Figure  8  compares  the  ballistic  impact  behavior  of  the  PC  control  with  those  of  1024-, 
2048-,  and  4096-layer  multilayers  in  which  the  PC  contents  were  80%  or  higher.  A  mixed  mode 
of  failure  occurred  in  both  the  1024-  and  2048-layer  composites  with  80  volume-percent  of  PC 
(as  those  seen  in  Figure  5),  indicating  the  reproducibility  of  the  fracture  behavior.  In  addition, 
these  impact  results  confirmed  the  layer  thickness  of  PMMA  in  the  proximity  of  0.3  or  0.4  pm  to 
be  critical  for  the  presence  of  a  brittle/ductile  transition  to  occur  in  the  PC/PMMA  multilayers. 
The  mixed-mode  failure  mechanism  was  further  examined,  and  the  results  are  shown  in  Figure  9 
for  all  the  2048-layer  composites  with  80  volume-percent  of  PC.  It  is  obvious  the  damage  zone 
area  that  resulted  in  the  brittle/ductile  transition  was  significantly  larger  than  that  associated  in 
either  a  brittle  or  ductile  failure.  Table  2  lists  the  calculated  layer  thickness  of  PC/PMMA 
multilayers  in  which  the  PMMA  layer  thickness  was  reduced. 

It  is  apparent  that  the  individual  layer  thickness  of  PMMA  plays  a  critical  role  in 
determining  the  ballistic  impact  behavior  of  these  PC/PMMA  multilayers.  In  addition, 
microcracking  in  PMMA  appeared  to  be  dominant;  stress  concentration  associated  with  these 
microcracks  determined  the  ultimate  mode  of  failure.  It  was  insignificant  to  promote  rapid  crack 
propagation  across  the  ductile  PC  layers  once  the  PMMA  layer  thickness  was  reduced  to 
approximately  0.14  pm.  On  the  other  hand,  multilayers  with  PMMA  layer  thickness  greater  than 
0.4  pm  always  failed  in  a  brittle  fashion  regardless  of  the  composite  configuration. 

3.2  Measurements  of  Ballistic  Impact  Energy 

The  kinetic  energy  absorbed  or  dissipated  during  the  projectile  penetration  was 
determined  only  for  those  PC/PMMA  composites  that  encountered  complete  penetration.  Since 
the  overall  thickness  was  not  consistent  for  all  the  multilayers,  the  calculated  ballistic  impact 
energy  was  normalized  by  the  thickness  of  each  laminate.  Table  3  summarizes  all  the 
normalized  ballistic  impact  energy  values  obtained  for  the  available  PC/PMMA  multilayers. 


5 


Although  the  normalized  ballistic  impact  energy  data  as  shown  in  Figure  10  were 
scattered,  a  strong  dependence  of  the  ballistic  impact  strength  upon  the  PC  content  was  clearly 
seen.  For  multilayers  with  less  than  65  volume-percent  of  PC  (shown  in  the  shaded  region  A), 
the  determined  values  were  relatively  low,  and  little  improvement  in  the  ballistic  performance 
was  seen  as  the  PC  content  increased.  The  low  ballistic  impact  energy  values  corresponded  to  a 
brittle  mode  of  failure  observed  in  the  corresponding  256-,  1024-,  and  2048-layer  PC/PMMA 
multilayers.  A  drastic  increase  in  the  ballistic  impact  energy  occurred  when  the  amount  of  PC 
was  above  80  volume-percent,  particularly  90  and  95  volume-percent  (as  shown  in  the  shaded 
region  B).  Ductile  deformation  occurred  in  the  multilayers  in  which  their  composition  fell  in  the 
region  B;  however,  a  brittle/ductile  transition  appeared  to  be  present  between  65  and  80  volume- 
percent  of  PC.  The  latter  was  dependent  upon  the  total  number  of  layers  of  the  PC/PMMA 
composites. 

Since  the  PMMA  layer  thickness  was  determined  to  be  critical,  we  then  replotted  the 
normalized  ballistic  impact  energy  values  as  a  function  of  PMMA  layer  thickness  (as  shown  in 
Figure  1 1)  for  all  the  PC/PMMA  multilayers  with  different  composition  and  different  number  of 
layers.  It  is  clear  that  the  normalized  ballistic  impact  energy  values  significantly  increased  as  the 
PMMA  layer  thickness  was  reduced  to  about  0.15  pm  or  thinner.  Ballistic  impact  performance 
was  poor  for  PC/PMMA  multilayers  with  the  PMMA  layer  thickness  approximately  0.5  pm  or 
thicker,  regardless  of  their  composition  and  layer  configuration. 

4.  Conclusion 

This  was  the  first  exploratory  investigation  into  the  scale  effect  of  brittle  and  ductile 

domains  upon  the  ballistic  impact  behavior  of  coextruded  PC/PMMA  composites.  This  report 

has  elucidated  the  failure  mechanisms  encountered  in  these  multilayers  upon  impact.  The 

individual  layer  thickness  of  PMMA  appeared  to  be  critical  in  the  determination  of  ballistic 

impact  response  of  these  multilayers.  Ballistic  impact  energy  was  significantly  increased  when 

the  PMMA  layer  thickness  was  reduced  to  approximately  0.15  pm  or  thinner.  This  desired 

thickness  can  be  achieved  through  either  an  increase  in  the  total  number  of  layers  or  an  increase 
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in  the  PC  content.  As  a  result,  ductile  failure  occurred  in  the  corresponding  PC/PMMA 
multilayers,  which  is  similar  to  that  observed  in  the  PC  control.  The  damage  zone  associated 
with  the  ductile  deformation  was  limited  to  the  immediate  vicinity  of  impact,  and  a  ring 
characteristic  apparent  on  the  fracture  surface  indicated  the  significant  extent  of  the  stress  wave 
propagation.  A  brittle  mode  of  failure,  however,  was  encountered  in  all  the  PC/PMMA 
composites  as  the  thickness  of  PMMA  layers  reached  0.5  pm  or  higher,  regardless  of  their 
composition  and  layer  configuration.  Microcracking  in  the  PMMA  layers  appeared  to  be  the 
dominant  mode  of  failure;  delamination  between  the  layers  did  not  occur  in  any  PC/PMMA 
multilayers  that  failed  either  in  a  ductile  or  brittle  mode.  Furthermore,  stress  concentration  or 
intensity  factor  associated  with  these  PMMA  microcracks  appeared  to  be  insignificant  to 
promote  crack  propagation  across  the  ductile  PC  layers  when  the  layer  thickness  of  PMMA  was 
controlled  to  below  its  critical  value. 

This  work  clearly  outlined  a  design  rationale  for  achieving  coextruded  composites  with 
better  ballistic  performance.  In  addition,  the  impact  results  of  PC/PMMA  multilayers  confirmed 
our  earlier  observation  on  DLC  coating:  a  thinner  layer  thickness  of  the  brittle  PMMA 
component  in  the  former  and  a  thin  but  hard  DLC  in  the  latter  both  sustained  the  ductility  of  PC. 
Since  the  role  of  PMMA  in  these  multilayers  is  to  enhance  barrier  properties  and  scratch 
resistance  of  PC,  proper  control  of  PMMA  layer  thickness  is  rather  important  for  the  coextruded 
multilayers  to  achieve  optimized  ballistic  impact  strength  and  durability. 
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Figure  1.  A  Schematic  Showing  Cutting  and  Stacking  of  the  Polymer  Melts  Flowing 
Through  the  First  Multilayering  Die  Element. 
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Figure  2.  Photographs  of  Ballistic  Response  of  256-Layer  PC/PMMA  Multilayers. 


Figure  3.  Photographs  of  Ballistic  Response  of  1024-Layer  PC/PMMA  Multilayers. 
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Figure  4.  Photographs  of  Ballistic  Response  of  2048-Layer  PC/PMMA  Multilayers. 


Figure  5.  Comparison  of  Ballistic  Response  of  256-,  1024-,  and  2048-Layer  PC/PMMA 
Multilayers  With  80  Volume-Percent  of  PC. 
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Figure  6a.  Photographs  of  Ballistic  Response  of  4096-Layer  PC/PMMA  Multilayers  With 
80  Volume-Percent  of  PC. 
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Figure  6b.  Photographs  of  Ballistic  Response  of  4096-Layer  PC/PMMA  Multilayers  With 
90  Volume-Percent  of  PC. 


Figure  6c.  Photographs  of  Ballistic  Response  of  4096-Layer  PC/PMMA  Multilayers  With 
95  Volume-Percent  of  PC. 
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Figure  7a.  Photographs  of  Ballistic  Response  of  2048-Layer  PC/PMMA  Multilayers  With 
90  Volume-Percent  of  PC. 
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Figure  7b.  Photographs  of  Ballistic  Response  of  2048-Layer  PC/PMMA  Multilayers  With 
95  Volume-Percent  of  PC. 
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Figure  8.  Photographs  Comparing  the  Ballistic  Response  of  1024-,  2048-,  and  4096-Layer 
PC/PMMA  Multilayers  With  80, 90,  or  95  Volume-Percent  of  PC. 
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Figure  9.  Photographs  Showing  a  Mixed  Mode  of  Failure  Upon  Ballistic  Impact  of 
2048-Layer  PC/PMMA  Multilayers  With  80  Volume-Percent  of  PC. 
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Figure  10.  Plot  of  Normalized  Ballistic  Impact  Energy  Values  as  a  Function  of  Volume- 
Percent  of  PC  and  Total  Number  of  Layers;  Shaded  Region  A  and  Region  B  Within  Which 
Multilayers  Failed  in  a  Brittle  and  Ductile  Mode,  Respectively. 
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Figure  11.  Plot  of  Normalized  Ballistic  Impact  Energy  Values  vs.  PMMA  Layer  Thickness; 
The  Insert  Is  an  Enlarged  Plot  of  PMMA  Layer  Thickness  Smaller  Than  1  pm;  Shaded 
Region  A  and  Region  B  Within  Which  Multilayers  Failed  in  a  Brittle  and  Ductile  Mode, 
Respectively. 
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Table  1.  Average  Sheet  Thickness  of  256-,  1024-,  and  2048-Layer  PC/PMMA  Multilayers 
and  the  Calculated  Individual  Layer  Thickness  of  PC  and  PMMA  for  the  Corresponding 
Composites 


PC/PMMA 

256-  layer 

1024-  layer 

2048-  layer 

sheet 

thickness 

(mm) 

layer 

thickness 

(iam) 

sheet 

thickness 

(mm) 

layer 

thickness 

(pm) 

sheet 

thickness 

(mm) 

layer 

thickness 

(pm) 

80/20 

0.89 

5.6/1 .4 

0.9 

1. 4/0.4 

1.31 

1. 0/0.3 

65/35 

0.93 

4.7/2. 5 

0.9 

1. 1/0.6 

1.4 

0. 9/0.5 

50/50 

1.25 

4. 9/4.9 

1.29 

1.3/1. 3 

1.45 

0. 7/0.7 

35/65 

n.a. 

n.a. 

n.a. 

n.a. 

1 .29 

0. 4/0.8 

20/80 

n.a. 

n.a. 

n.a. 

n.a. 

1.35 

0.3/1. 1 
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Table  2.  Average  Sheet  Thickness  of  256-,  1024-,  and  2048-Layer  PC/PMMA  Multilayers 
and  the  Calculated  Individual  Layer  Thickness  of  PC  and  PMMA  for  the  Corresponding 
Composites 


PC/PMMA 

1024-  layer 

2048-  layer 

4096-  layer 

sheet 

thickness 

(mm) 

layer 

thickness 

(pm) 

sheet 

thickness 

(mm) 

layer 

thickness 

(pm) 

sheet 

thickness 

(mm) 

layer 

thickness 

(pm) 

95/5 

n.a. 

n.a. 

1.1 

1.0/0.05 

1.26 

0.6/0.03 

90/10 

n.a. 

n.a. 

1.4 

1.2/0.14 

1.62 

0.7/0.08 

80/20 

0.9 

14/0.4 

1.4 

1.1/0. 3 

1.4 

0.5/0.14 
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Table  3.  Normalized  Ballistic  Impact  Energy  Data  and  Calculated  Individual  PMMA 
Layer  Thickness  of  the  Available  256-,  1024-,  2048-,  and  4096-Layer  PC/PMMA 
Multilayers 


PC/PMMA  Multilayers 

Ind.  PMMA  Layer 
(mm) 

Normalized  Impact  Energy 
(KJ/m) 

256-layer 

80/20 

1.39 

0.9 

65/35 

2.54 

0.99 

50/50 

4.88 

1.34 

1024-layer 

80/20 

0.35 

6.17 

80/20 

0.36 

3.04 

80/20 

0.35 

2.84 

65/35 

0.62 

1.57 

50/50 

1.26 

1.52 

2048-layer 

95/5 

0.05 

6.54 

95/5 

0.06 

7.14 

95/5 

0.06 

5.61 

95/5 

0.06 

8.39 

90/10 

0.14 

6.33 

90/10 

0.14 

6.84 

90/10 

0.14 

7.91 

90/10 

0.14 

5.94 

80/20 

0.26 

7.08 

80/20 

0.28 

1.92 

80/20 

0.28 

2.18 

80/20 

0.28 

2.54 

80/20 

0.28 

6.16 

80/20 

0.28 

5.3 

80/20 

0.27 

2.83 

80/20 

0.24 

7.4 

65/35 

0.48 

1.16 

65/35 

0.48 

2.15 

50/50 

0.71 

4.28 

35/65 

0.82 

1.15 

20/80 

1.05 

1.87 

4096-layer 

95/5 

0.03 

6.22 

95/5 

0.03 

6.18 

95/5 

0.03 

6.97 

90/10 

0.08 

5.45 

90/10 

0.08 

5.56 

80/20 

0.13 

5.73 

80/20 

0.13 

5.95 

80/20 

0.13 

5.08 

80/20 

0.12 

5.97 

80/20 

0.11 

4.84 

80/20 

0.15 

6.66 

80/20 

0.17 

4.34 

INTENTIONALLY  LEFT  BLANK 
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